Mammalian Sterile20-like kinase 1 (Mst1) is a member of the yeast Ste20-related kinase family known to be involved in the process of apoptosis initiated by a variety of stimuli. The aim of this study was to determine the prognostic significance of Mst1 expression in colorectal cancer. A series of 1197 mismatch-repair-proficient colorectal cancers retrieved from a tissue microarray were randomized into two study groups. On the first group (n ¼ 599) receiver operating characteristic curves were used to determine the most clinically useful cutoffs to describe Mst1 expression with respect to T stage, N stage, tumor grade, vascular invasion and overall survival. The association of Mst1 expression and each outcome was immunohistochemically evaluated on the second study group (n ¼ 598) as well as on a third study group comprising 141 mismatch-repair-deficient colorectal cancers. A univariate analysis in the second study group showed that loss of cytoplasmic Mst1 was associated with higher T stage (P ¼ 0.001), higher N stage (P ¼ 0.029), vascular invasion (P ¼ 0.017) and overall survival (P ¼ 0.014). Nuclear Mst1 expression was not significantly associated with N stage, T stage or vascular invasion but was associated with tumor grade. In mismatch-repair-deficient colorectal cancers, loss of cytoplasmic Mst1 was associated with higher N stage (P ¼ 0.019) and shortened survival (P ¼ 0.0001). In a multivariate analysis, loss of cytoplasmic Mst1 was an independent adverse prognostic factor in this group of patients. Methylation analysis on 32 cases showed that the loss of cytoplasmic Mst1 expression is not likely due to promoter methylation. In summary, loss of cytoplasmic Mst1 expression is a marker of tumor progression in mismatchrepair-proficient as well as mismatch-repair-deficient colorectal cancers. These results are suggestive of a tumor suppressor role for Mst1 in human colorectal cancer.
Mst1 (mammalian Sterile-like 1), a serine/threonine kinase, belongs to the Sterile 20-like superfamily that was originally identified as a stress-activated protein participating in a wide range of apoptotic responses. 1, 2 Mst1 contains an N-terminal catalytic domain and an autoinhibitory segment followed by a dimerization domain and a nuclear localization motif at the non catalytic, C-terminal part.
3 Mst1 also contains a caspase-3-recognition motif, between the catalytic and regulatory domains, which mediates the cleavage of the autoinhibitory domain and yields a highly active catalytic fragment during apoptosis ( Figure 1 ). [4] [5] [6] Despite extensive studies, the mechanisms and targets through which Mst1 regulates apoptosis are not well characterized. The pro-apoptotic function of Mst1-at least in part-is attributed to caspase-3 mediated cleavage of Mst1, although subsequent studies demonstrated that this is not essential for signaling and morphological features of apoptosis. 7 In fact, Mst1 has also shown to be activated by phosphorylation of Thr 183 and Thr 187 in its activation loop which is promoted by dimerization. Mst1 phosphorylation results in caspase activation and apoptosis 7, 8 indicating that Mst1 might function both upstream and downstream of caspases. Recent findings that most Ste20 group kinases activate mitogen-activated protein kinase (MAPK) and more specifically stressed-induced p38 MAPK and JNK (c-Jun N-terminal kinase) support this model ( Figure 1 ). 1, [8] [9] [10] Cellular localization of Mst1 is also regulated by caspase-mediated cleavage as well as threonine phosphorylation. 7, 8, 11 Under resting conditions, Mst1 is localized predominantly in the cytoplasm but cleavage of Mst1 by caspases or phosphorylation in its activation loop lead to Mst1 translocation to the nucleus. 7, 8, 11 Nuclear retention of Mst1 results in chromatin condensation and DNA fragmentation indicating that nuclear entry of Mst1 may be important in its pro-apoptotic function. 11, 12 Extensive studies to identify potential Mst1 substrates in the nucleus have led to identification of Histone H2B as a physiologic substrate for the catalytic domain of Mst1, the phosphorylation of which leads to chromatin condensation and apoptosis. 13 Based on its proposed function in apoptosis, Mst1 might play a tumor suppressor role in human cancers as has been suggested for its Drosophila homologs.
14-17 Nevertheless, there is no report on the biological significance of Mst1 expression in primary human cancer cells. Herein, we report the prognostic significance of cytoplasmic and nuclear expression of Mst1 in a large group of patients with colorectal cancer.
Materials and methods

Tissue Microarray Construction
A tissue microarray comprising of 1420 unselected, non-consecutive colorectal cancers was constructed. 18 Formalin-fixed, paraffin-embedded tissue blocks of colorectal cancer resections were retrieved from the archives of the Institute of Pathology, University Hospital of Basel, Switzerland, the Institute of Clinical Pathology, Basel, Switzerland and the Institute of Pathology, Stadtspital Triemli, Zü rich, Switzerland. One tissue cylinder with a diameter of 0.6 mm was punched from morphologically representative tissue areas of each 'donor' tissue block and brought into one recipient paraffin block (3 Â 2.5 cm) using a homemade semiautomated tissue arrayer.
Clinico-Pathological Parameters
The clinico-pathologic data for 1420 patients in cluded T stage (T1, T2, T3 and T4), N stage (N0, N1 and N2), tumor grade (G1, G2 and G3) (overall grading based on the most poorly differentiated area but excluding tumor budding at the tumor margin), vascular invasion (intramural or extramural) and survival. The distribution of these features has been described previously. 19 
Immunohistochemistry of Tissue Microarray
Sections (4 mm 2 O, sections for immunostaining were subjected to heat antigen retrieval in a microwave oven (1200 W, 15 min) in 1 mM EDTA buffer pH 8.0 for Mst1, MLH1, MSH2 and in 0.01 mol/l citrate buffer pH 6.0 for MSH6. Endogenous peroxidase activity was blocked using 0.5% H 2 O 2 . After transfer to a humidified chamber, the sections were incubated with 10% normal goat serum (Dako Cytomation) for 20 min and incubated with primary antibody at 41C overnight for hMLH1, hMSH2 and hMSH6 and Mst1. Subsequently, the sections were incubated with a peroxidase-labeled secondary antibody (K4005, EnVision þ System-HRP (AEC); DakoCytomation) for 30 min at room temperature. For visualization of the antigen, the sections were immersed in 3-amino-9-ethylcarbazole þ substrate-chromogen (K4005, EnVision þ System-HRP (AEC); DakoCytomation) for 30 min, and counterstained lightly with Gill's haematoxylin (Figure 2 ).
Evaluation of Immunohistochemistry
Cytoplasmic and nuclear Mst1 immunoreactivity were separately evaluated semi-quantitatively using %-positivity defined as the proportion of Mst1 positive tumor cells over the total number of tumor cells ranging from 0 to 100%. Scores were based on 5% intervals (0, 5, 10%, etc). The 1420 colorectal cancers were scored by one experienced surgical pathologist (AL) blinded to the clinicopathological features. MLH1, MSH2 and MSH6 were Mst1 and colorectal cancer P Minoo et al scored as negative (0% staining) or positive (40% staining).
Mismatch-Repair Status
The 1420 colorectal cancers were stratified according to DNA mismatch-repair (MMR) status and consisted of 1197 MMR-proficient tumors expressing MLH1, MSH2 and MSH6, 141 MLH1-negative tumors, and 82 presumed HNPCC cases demonstrating loss of MSH2 and/or MSH6 at any age (N ¼ 73), or loss of MLH1 at o55 years (N ¼ 9). 20 Only the MMR-proficient tumors were randomized into two matched groups in view of the large number of available cases (N ¼ 1197, 84.4%).
Randomization of MMR-Proficient Colorectal Cancers
The 1197 MMR-proficient colorectal cancers were randomly assigned into two subgroups, study group 1 (N ¼ 599) and study group 2 (N ¼ 598) ( Table 1) . Study group 1 served to determine the most relevant cutoffs of cytoplasmic and nuclear Mst1 positivity and the clinico-pathologic features. The associations of Mst1 expression at the proposed cutoffs with T stage, N stage, tumor grade, vascular invasion and survival were investigated on study group 2 as well as in the third group containing 141 cases with MLH1-negative tumors.
DNA Extraction and Bisulphite Modification
Samples were micro-dissected from paraffin-embedded tissue using two 8-micron-thick sections. Cell lysis and DNA extraction were performed using a QIAamp DNA mini kit (QIAGEN, Mississauga, ON, Canada) according to manufacturer's protocol. Extracted genomic DNA was diluted in 40 ml of distilled water and denatured by adding 6 ml of 2 N NaOH and incubation at 751C for 20 min. 500 ml of freshly prepared 4.8 M sodium bisulphite and 28 ml of 10 mM hydroquinone were added to the denatured genomic DNA and the reaction was carried out overnight in dark at 551C. DNA then was purified using a Wizard DNA clean-up (Promega, Madison, WI, USA) and then ethanol-precipitated after 5 min Mst1 and colorectal cancer P Minoo et al of alkali treatment with 8.8 ml of 2 N NaOH at room temperature.
Methylation of Mst1
Methylation of Mst1 promoter was examined by methylation-specific PCR (MSP) using AmpliTaq Gold kit (Roche, Branchburg, NJ, USA) as described previously. 21 The primers for amplification of unmethylated sequence were 5 0 -TTTTGGTAATG TAGGAAGATAGTGT-3 0 and 3 0 -AAACCACAACCC TAATCACATA-5 0 and primer sequences for methylated reaction were 5 0 -GTTTCGGTAACGTAGGAA GATAGC-3 0 and 3 0 -AACCACGACCCTAATCACGTA-5 0 . The condition for amplification was 10 min at 951C followed by 39 cycles of denaturing at 951C for 30 s, annealing at 561C for 30 s and 30 s of extension at 721C. PCR products were subjected to electrophoresis on 8% acrylamide gels and visualized by SYBR gold nucleic acid gel stain (Molecular Probes, Eugene, USA). CpGenome Universal Methylated DNA (Chemicon, Temecula, CA, USA) was used as a positive control for methylation.
Statistical Analysis
The selection of clinically important cutoff scores for Mst1 expression was based on receiver operating characteristic (ROC) curve analysis. 22 At each percentage score, the sensitivity and specificity for the outcome under study was plotted, thus generating a ROC curve. The score having the shortest distance to the point with both maximum sensitivity and specificity, that is, the point (0.0, 1.0) on the curve, and thereby minimizing the trade-off between the two, was selected as the cutoff score. Categorizing tumors as positive or negative around this score leads to the greatest number of tumors correctly classified as having or not having the clinical outcome. The reliability of the selected cutoff scores was determined by 1000-bootstrapped replications to re-sample the data. With bootstrapping, 1000 re-samples of equal size were created. ROC curve analysis was performed for each sub-group and a cutoff score was obtained. The most frequently obtained score over the 1000 re-samples was selected as the cutoff score for Mst1 positivity. In order to use ROC curve analysis, the clinicopathological features were dichotomized: T stage (early (T1 þ T2) or late (T3 þ T4)), N stage (N0 (no lymph node involvement) or 4N0 (any lymph node involvement)), tumor grade (low (G1 þ G2) or high (G3)), vascular invasion (absent or present), and survival (death due to colorectal cancer or censored (lost to follow-up, alive or death from other causes)).
The association of cytoplasmic and nuclear Mst1 (retention/loss) and T stage, N stage, tumor grade and vascular invasion were evaluated at their respective cutoffs using the w 2 test. Univariate survival analysis was carried out using the Kaplan-Meier method, and by Cox proportional hazards regression. Multivariate survival analysis was performed by including T stage, N stage, tumor grade, vascular invasion and Mst1 expression. All analyses were carried out using SAS, version 9 (The SAS Institute, Cary, NC, USA).
Results
Normal Colonic Mucosa
In normal colonic mucosa Mst1 immunoreactivity regardless of the extent occurred in 73.7% of cases.
Cytoplasmic Mst1 in MMR-Proficient Colorectal
Cancer (Table 2) The optimum cutoff for loss of cytoplasmic Mst1 was o80% for all clinico-pathological parameters. In a w 2 test, loss of cytoplasmic Mst1 was observed more frequently in tumor stages T3 and T4, while retention of cytoplasmic Mst1 was associated with early (T1 and T2) tumor stages (P ¼ 0.001) ( Table 2) . Additionally there was an association between loss of cytoplasmic Mst1 and presence of lymph node (Table 3) The optimum cutoffs for nuclear Mst1 as determined on subgroup 1 differed for the various endpoints: 50% for T stage, 40% for N stage and vascular invasion, 70% for tumor grade and 30% for overall survival. In a univariate analysis nuclear Mst1 expression was not significantly associated with N stage, T stage or vascular invasion.
Nuclear Mst1 in MMR-Proficient Colorectal Cancer
Cytoplasmic Mst1 in MMR-Deficient Colorectal
Cancer (Table 4) The optimum cutoff for cytoplasmic Mst1 was also found to be 80% for all clinico-pathological parameters. In a univariate analysis, loss of cytoplasmic Mst1 was associated with the presence of lymph node metastasis (P ¼ 0.019) and worse survival (P ¼ 0.0001) (Mst1 retention: 74.1 months; Mst1 loss: 31.7 months) ( Figure 4 ).
Multivariate Analysis of Survival
In a multivariate analysis, which included T stage, N stage, tumor grade, vascular invasion and age, loss of cytoplasmic Mst1 was not an independent prognostic factor in MMR-proficient colorectal cancers (P ¼ 0.679). However, multivariate analysis using the same criteria demonstrated that loss of cytoplasmic Mst1 was an independent adverse prognostic factor in MMR-deficient colorectal cancers (P ¼ 0.03).
Methylation Analysis of Mst1 Promoter
In order to investigate whether loss of Mst1 expression is a result of promoter methylation, we carried Mst1 and colorectal cancer P Minoo et al out MSP studies on 16 cases with near complete or complete loss of Mst1 expression in MLH1 proficient group and 16 cases in MLH1 negative group. The results showed no methylation in the selected promoter region of Mst1 in both groups (data not shown).
Discussion
In this study, we analyzed the prognostic value of Mst1 expression in 1197 MMR-proficient as well as 141 MMR-deficient colorectal cancers using tissue microarray technology and immunohistochemistry. The tissue microarray technique is an accepted tool of investigation, especially when a huge number of samples are analyzed. 18, [23] [24] [25] [26] [27] [28] The randomization of the study population into two subgroups allowed us to determine the best cutoffs for cytoplasmic and nuclear Mst1 expression on the first subgroup (N ¼ 599) based on the ROC curve analysis and to apply the determined cutoffs on the second subgroup (N ¼ 598) as well as on the third group (N ¼ 141). This approach has the important advantage of avoiding a scoring system that includes a subjectively selected cutoff or a complex composite scoring system. Indeed, the different cutoffs for nuclear Mst1 dependent on the clinico-pathological parameter analyzed clearly underlines the importance of ROC curve analysis in the immunohistochemical analysis of potential tumor markers.
In normal colon mucosa Mst1 was found predominantly in the cytoplasm but there was nuclear staining to a lesser extent. This is consistent with the finding that endogenous Mst1 accumulates in the nucleus upon treatment with leptomycin Ba specific inhibitor of nuclear export-suggesting that Mst1 shuttles continuously between cytoplasm and nucleus. 7, 29 Univariate analysis in the MMR-proficient group showed that loss of cytoplasmic Mst1 was associated with higher T and N stages, vascular invasion and worse survival. These results are consistent with Mst1 function in induction of apoptosis and tumor suppression. Patients with MMR-proficient colorectal cancers are more likely to have APC, KRAS, and P53 mutations and are microsatellite stable (MSS). 30 There has been increasing evidence that Ras and other oncogenes paradoxically induce both pro-and anti-apoptotic signaling.
31,32 NORE1 and RASSF1 are two members of the RASSF family known to have putative RAS-binding domains and mediate RAS-induced apoptotic signals. [33] [34] [35] Further studies demonstrated that these two proteins are binding partners of Mst1 and their complex formation with Mst1 is critical to the mechanism of RAS-induced apoptosis (Figure 1) . 36, 37 Loss of Mst1 expression will change the balance of RAS-induced contradictory signals in favor of anti-apoptotic ones and provide a further explanation for the association of clinico-pathological outcomes and Mst1 expression in MMR proficient colorectal cancers.
Based on the proposed mechanism of Mst1 in induction of apoptosis (see introductory text) we expected to observe an association between the loss of Mst1 nuclear expression with worse clinicopathological outcomes. However, in our analysis, Mst1 nuclear expression did not show a significant association with tumor stage, vascular invasion or survival. As nuclear localization of Mst1 is promoted by caspase-mediated cleavage and threonine phosphorylation, it is conceivable that these two modifications interfere with antigen/antibody complexing in immunohistochemistry. 
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In the MMR-deficient group, we found that 80% was also the best cutoff for different clinicopathological variables. Univariate analysis in this group showed that the loss of cytoplasmic Mst1 is associated with lymph node metastasis and worse survival. These results firstly confirm the role of Mst1 as a tumor suppressor gene and secondly indicate that the 80% cutoff for cytoplasmic expression of Mst1 is a valid and useful criterion in prediction of clinico-pathologic features of a tumor. Loss of MLH1 expression is highly deleterious and results in apoptosis due to the rapid accumulation of DNA mismatch errors. Thus, loss of MLH1 expression is only tolerated when the mechanisms leading to apoptosis are extensively disrupted. In fact, inhibition of apoptosis has been regarded as a central pathogenic mechanism in development of serrated polyps which are the likely precursors of sporadic MSI-H colorectal cancers. 38, 39 This might explain why in the multivariate analysis, loss of cytoplasmic Mst1 showed a significant effect on survival only in the MLH1-negative group.
CpG island methylation is an epigenetic mechanism commonly involved in silencing of gene transcription leading to development of cancer. 40 Methylation in the promoter region of Mst1 has been reported in normal colon mucosa in patients with hyperplastic polyposis. 21 Our methylation analysis showed that methylation of gene promoter is not a likely mechanism for explaining Mst1 loss of expression in MMR proficient and MMR deficient colorectal cancers. Hence, we suggest the presence of other mechanisms, (eg mutation, loss of heterozygosity) may be responsible for downregulation of Mst1 expression in colorectal cancers.
In summary, the results of this study indicate that loss of cytoplasmic Mst1 is associated with higher T and/or N stage, higher tumor grade and poor prognosis in colorectal cancer patients, suggesting a tumor suppressor role for Mst1 in human colorectal cancer.
